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In eukaryotes, diverse mRNAs containing only short open reading frames (sORF-mRNAs) are induced at specific stages of

development. Their mechanisms of action may involve the RNA itself and/or sORF-encoded oligopeptides. Enod40 genes

code for highly structured plant sORF-mRNAs involved in root nodule organogenesis. A novel RNA binding protein

interacting with the enod40 RNA, MtRBP1 (for Medicago truncatula RNA Binding Protein 1), was identified using a yeast

three-hybrid screening. Immunolocalization studies and use of a MtRBP1-DsRed2 fluorescent protein fusion showed that

MtRBP1 localized to nuclear speckles in plant cells but was exported into the cytoplasm during nodule development in

enod40-expressing cells. Direct involvement of the enod40 RNA in MtRBP1 relocalization into cytoplasmic granules was

shown using a transient expression assay. Using a (green fluorescent protein)/MS2 bacteriophage system to tag the enod40

RNA, we detected in vivo colocalization of the enod40 RNA and MtRBP1 in these granules. This in vivo approach to monitor

RNA–protein interactions allowed us to demonstrate that cytoplasmic relocalization of nuclear proteins is an RNA-mediated

cellular function of a sORF-mRNA.

INTRODUCTION

Short open reading frame mRNAs (sORF-mRNAs) are unusual

mRNAs containing only sORFs (<100 amino acids) that accu-

mulate in the cytoplasm (in many cases abundantly) where they

may be translated into oligopeptides (MacIntosh et al., 2001).

Their mechanisms of action may involve the RNA itself and/or

sORF-encoded oligopeptides. sORF-encoded oligopeptides

may act as signals in development (Lindsey et al., 2002), as

has been suggested for the POLARIS oligopeptide (Casson et al.,

2002). In certain sORF-mRNAs, conservation at nucleotide level

but not at amino acid level suggests that the RNA can play an

important role in the function of the gene, and they are referred to

as noncoding RNAs (Furini et al., 1997; Erdmann et al., 2001;

MacIntosh et al., 2001). Noncoding RNAs have been shown to

participate in diverse processes, such as organization of the

embryo cytoplasm, mRNA translation or stability, and protein

secretion or silencing (Kelley and Kuroda, 2000; Kiss, 2002;

Joyce, 2002). Moreover, translation of sORFs present in the

sORF-mRNAs may occur even though the main function of the

gene lies in the RNA product, as shown for a 5–amino acid sORF

encoded in the 23S rRNA in Escherichia coli (Tenson et al., 1996),

or the immunological detection of a putative protein encoded by

the H19 gene (Leibovitch et al., 1991; Leighton et al., 1995).

Indeed, several RNAs originally described as noncoding

were shown to code for small peptides and vice versa (Eddy,

2002).

sORF-mRNA genes constitute a thus far unexplored compo-

nent of the transcriptome; because of the small size of the

encoded sORFs, they have eluded bioinformatical searches.

However, there is accumulating evidence that they constitute an

emerging class of genes. For example, in yeast (Saccharomyces

cerevisiae), 18 previously unannotated sORF-mRNA transcripts

were identified by biochemical means (Olivas et al., 1997), and

five unusual noncoding transcripts have been identified to be

specifically induced during meiosis (Watanabe et al., 2001). A

bioinformatic analysis of the Arabidopsis (Arabidopsis thaliana)

genome has identified 40 new putative noncoding RNAs or

peptide-coding RNAs (MacIntosh et al., 2001). However, the

molecular mechanisms involving sORF-mRNAs or their encoded

oligopeptides are largely unknown.

mRNAs associate with RNA binding proteins to form ribonu-

cleoprotein particles (RNPs) involved in processing, nucleocy-

toplasmic transport, localization, translation, and/or stability of

mRNAs. In these processes, the protein components of the

RNPs (RNA binding proteins [RBPs]) are thought to play crucial

roles (Dreyfuss et al., 2002; Joyce, 2002). The RNA molecules

presumably forming part of larger ribonucleoprotein complexes

may play novel intracellular roles as shown for the intron-

encoded small nucleolar RNAs (Kiss, 2002), the microRNAs

(Hannon, 2002), or the BC1 transcript in mammals (Zalfa et al.,

2003). The RNA molecule seems to determine the functional

specificity of the complex, and analysis of mRNA–protein

interactions may reveal novel RNA functions in these cellular

complexes. The sORF-mRNAs may constitute examples that

have retained specific mRNA functions. A function for an mRNA
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derived from a pseudogene (also a sORF-mRNA) in transcript

stability has been demonstrated recently, further reinforcing the

idea that both the mRNA and the encoded proteins may be

functional products of a gene (Hirotsune et al., 2003).

Leguminous plants have the ability to enter into symbiosis with

N2-fixing bacteria (rhizobia) to form a new organ, the root nodule.

Development of this symbiotic organ depends on the coor-

dinated expression of plant and bacterial genes (Crespi and

Galvez, 2000). The early nodulin gene enod40 is rapidly induced

by rhizobia in the root pericycle and in the dividing cortical cells of

the nodule primordium (Compaan et al., 2001) as well as in other

nonsymbiotic organs (Crespi and Galvez, 2000). A remarkable

feature of enod40 genes is that they contain only sORFs.

Transgenic Medicago truncatula plants overexpressing enod40

exhibited accelerated nodulation, whereas plants with reduced

amounts of enod40 transcripts formed only a few and modified

nodule-like structures (Charon et al., 1999). The enod40 genes

are highly conserved in various leguminous species and also

have been found in Nicotiana tabacum (tobacco) and rice (Oryza

sativa) (Kouchi et al., 1999). Two highly conserved regions have

been distinguished: Box I in the 59 end, containing a conserved

sORF, and Box II in the central part of the gene. Microtargeting of

the enod40 cDNA into M. sativa (alfalfa) roots induced division of

cortical cells, and translation of two sORFs spanning Box I and

Box II was required for this biological activity (Sousa et al., 2001).

Indeed, sORF-encoded oligopeptides in the enod40 RNA seem

to be translated, although no direct proof has been obtained for

their production in vivo (van de Sande et al., 1996; Compaan

et al., 2001; Sousa et al., 2001; Rohrig et al., 2002). Recently, two

enod40-encoded oligopeptides from Glycine max (soybean)

have been shown to bind sucrose synthase in vitro (Rohrig et al.,

2001); however, the lack of conservation of one of these pep-

tides in other legume species makes its involvement unlikely

in a general mechanism of enod40 action. The enod40 RNA is

highly structured (Crespi et al., 1994) and not associated to

polysomes (Asad et al., 1994). Secondary RNA structures seem

to be required for the elicitation of the cell-specific growth

response in M. sativa roots (Sousa et al., 2001). The secondary

structure of the G. max enod40 RNA has been determined

recently, which has allowed the identification of five conserved

domains in the enod40 RNAs of numerous leguminous spe-

cies (Girard et al., 2003). In particular, several motifs, such as

U-containing stem-loops and bulges, have been found to be con-

served. An implication of these stem-loops in protein recog-

nition has been suggested by the authors (Girard et al., 2003).

Hence, it appears that the RNA plays a crucial role in the

molecular mechanism involved in the action of enod40.

To investigate cellular functions of the enod40RNA, we sought

potential protein partners of the transcripts using the yeast three-

hybrid system (Sengupta et al., 1996) to screen a M. truncatula

cDNA library (Gyorgyey et al., 2000). One of the isolated clones

encodes a novel RBP, MtRBP1 (for M. truncatula RNA Binding

Protein 1), containing a nuclear localization signal (NLS) and a

C-terminal region carrying an RNA recognition motif (RRM) and

rich in Ser and Gly. Immunolocalization experiments as well

as translational fusions to the DsRed2 fluorescent protein re-

vealed the localization of MtRBP1 in nuclear speckles and its re-

localization in the cytoplasm of enod40-expressing cells of the

nodule. By cointroduction of enod40 and MtRBP1 in Allium cepa

(onion) cells and using a novel method to monitor RNA–protein

interactions in vivo, we showed that this activity depended on

the enod40 RNA. Our results demonstrate that relocalization

of a nuclear RBP is a novel function of the enod40 sORF-mRNA.

RESULTS

Three-Hybrid Screening Revealed a Novel Protein,

MtRBP1, Interacting with the enod40 RNA

The yeast three-hybrid system is a powerful approach to detect

RNA–protein interactions in living cells (Sengupta et al., 1996).

The method consists of expressing three different hybrid

molecules in yeast cells. A first hybrid protein consists of the

MS2 coat protein fused to the GAL4 binding domain, a hybrid

RNA consisting of the RNA of interest containing two tandem

MS2 binding sites and a second hybrid protein in which the

protein of interest (or a cDNA library to look for unknown

partners) is fused to the GAL4 activation domain. The formation

of an RNA protein complex approximates the GAL4 activation

and binding domains resulting in transcriptional activation of two

reporter genes (HIS3 and lacZ). In our case, plasmids expressing

either MS2-enod40 or MS2-stem RNAs (the latter spanning

a predicted stem derived from enod40 RNA, indicated with an

asterisk in Figure 1C) were transformed into the three-hybrid

yeast host strain L40-coat. A root and nodule cDNA library was

then introduced into these strains to screen for cDNAs encoding

proteins conferring His-independent growth only in the presence

of the MS2-enod40 RNA. Seven clones satisfying all selection

criteria corresponded to a protein containing an RRM, which was

called MtRBP1. In various subsequent three-hybrid screens,

MtRBP1 was repeatedly isolated. No positive clones were found

to interact with the MS2-stem RNA.

In the yeast three-hybrid system, MtRBP1 interacts with the

full-length enod40 RNA (Figure 1A) but not with a sequence

spanning one of the conserved computationally predicted stems

(asterisk in Figure 1C; Sousa et al., 2001). Recently, different

regions spanning conserved stems all along the enod40 RNA

have been described using in vitro approaches (Girard et al.,

2003) and are indicated in Figure 1C. The isolated cDNA

translated in vitro and used in RNA pull down experiments

confirmed the interaction of the MtRBP1 protein with the enod40

RNA (Figure 1B). A fusion protein, glutathione S-transferase

(GST)-MtRBP1, was expressed in E. coli and purified to perform

RNA pull down experiments. The fusion protein was also able to

bind to the enod40 RNA in vitro (Figure 1D), and the region of the

RNA involved in the interaction was studied. Using different

deletions of the enod40 RNA, we found that both 59 and 39

regions of the enod40 transcript were able to bind GST-MtRBP1

(Figure 1D), whereas the central part of the gene (from

nucleotides 110 to 330) did not seem to be involved in the

interaction. These results correlated with the interactions

observed in yeast and suggested that MtRBP1 bound in vitro

to the enod40 RNA at multiple sites.

MtRBP1 contains one RRM and an Arg/Ser–rich domain at the

C terminus as well as an NLS in the N terminus. A phylogenetic
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tree was constructed from the most related RRM-containing

plant proteins with a similar size, and a cluster could be

established for the proteins from M. truncatula, G. max, and

Arabidopsis (data not shown). These three sequences share,

apart from the RRM domain and the NLS in their N terminus, a

conserved 11–amino acid region of unknown function (Figure 2).

No metazoan homolog was identified for MtRBP1. Although the

RRM domain is widespread from bacteria to humans in a large

variety of proteins, no similarities were obtained with the rest of

the sequence.

MtRBP1 Is Expressed in Several Tissues of M. truncatula

The expression pattern of MtRBP1 was analyzed in different

tissues. MtRBP1 was shown by RNA gel blot analysis to be

constitutively expressed in all tissues analyzed; by contrast, as

previously found (Crespi et al., 1994), Mtenod40 was expressed

in nodules at a high level, to a lesser extent in stems and roots,

and was not detected in leaves (Figure 3A). Semiquantitative RT-

PCR analysis from roots and nodules at different developmental

stages showed no significant differences in the levels of MtRBP1

expression, whereas enod40, as expected, was induced during

nodulation at a high level (Figure 3B). To check for RNA loading,

Mtc27was used for the RNA gel blot and in the RT-PCR analysis.

Transcription of MtRBP1 was not significantly regulated in the

tissues studied or during nodule development.

MtRBP1 Localizes in Nuclear Speckles and Is

Exported into Cytoplasmic Granules during

Nodule Development

Localization of MtRBP1 was initially analyzed using translational

fusions to the DsRed2 fluorescent protein. An MtRBP1-DsRed2

fusion protein construct (under the control of the 35S promoter)

was introduced into M. truncatula roots by Agrobacterium

rhizogenes–mediated transformation (Boisson-Dernier et al.,

2001). Red fluorescence exhibited nuclear speckles in all root

cell layers (Figures 4A and 4B), and this protein was not detected

in the cytoplasm of these cells (as can be observed at higher

magnification in Figure 4B). However, when nodule primordia

from the same roots were analyzed, no red fluorescence could

be observed in the nucleus of the cells (Figure 4C). On the

contrary, some bright red granules corresponding to DsRed2

were observed in the cytoplasm (indicated by an arrow in Figure

4C). Nevertheless, the signals obtained were very weak because

of the high levels of autofluorescence in nodule tissues (data not

shown). Thus, we could not continue to exploit this method for

further analyses of the MtRBP1 localization during nodule

development or in mature nodules.

To follow the endogenous MtRBP1 protein during nodulation,

antibodies were generated against two synthetic MtRBP1

peptides (see Methods for details) and used in protein gel blot

and immunolocalization studies. A protein corresponding to the

expected size (�35 kD) could be detected in root and nodule

extracts using affinity-purified antibodies (Figure 4D).

In mature indeterminate nodules, several zones can be

identified, including the differentiating region (region II) and the

nitrogen-fixing region (region III). Cells from the meristematic and

differentiating regions accumulate high amounts of the enod40

RNA, as detected by in situ hybridization (Figure 4E). Immuno-

localization studies were then performed in nodule tissues

(Figures 4F to 4H) using MtRBP1 antibodies (red channel) in

combination with an antibody against tubulin (green channel) to

visualize the shape of the cells and 49,6-diamidino-2-phenyl-

indole (DAPI) staining to detect the cell nuclei (blue channel). Two

different subcellular localization patterns were observed for

MtRBP1 in different regions of the nodule. In the cells from region

III, the protein was exclusively detected in the nucleus, as can be

seen in Figures 4F and 4G (coincidence between the red and blue

signals, indicated with an arrow in Figure 4G), and completely

absent from the cytoplasm. The cytoplasm of cells from region III

contains the bacteroids, differentiated bacteria responsible for

Figure 1. Interaction between MtRBP1 and enod40 RNA.

(A) The MtRBP1 cDNA was transformed into yeast strains containing

RNA-expressing plasmids carrying MS2 repeats only (MS2), an MS2-

enod40 fusion (enod40), and an MS2-stem construct (stem *, corre-

sponding to the enod40 region indicated with an asterisk in [C]). Four

independent transformants of each strain were plated on selective

medium without His.

(B) RNA pull down analysis of stem (*) and enod40 (E40) RNAs. The input

lane contains 20% of translation products used for each binding assay.

The lower band may correspond to a subproduct of the in vitro trans-

lation of MtRBP1.

(C) Schematic representation of the different regions spanning con-

served stem-loops along the enod40 RNA (lines; Girard et al., 2003). The

stem-loop indicated with an asterisk corresponds to the one previously

predicted by Sousa et al. (2001). Boxes I and II are indicated as

rectangular boxes.

(D) RNA pull down experiments with the GST-MtRBP1 protein purified

from E. coli and different regions of the Mtenod40 RNA schematized in

(C). C- is a control reaction in which no RNA was included.

Relocalization of MtRBP1 by enod40 RNA 1049



nitrogen fixation. The bacterial DNA explains the presence of

a cytoplasmic DAPI signal in these cells. These differentiated

nodule cells do not express the enod40 gene (Figure 4E). By

contrast, in the cells from region II (strongly expressing enod40),

MtRBP1 also could be detected in the cytoplasm (Figures 4G

and 4H, cytoplasmic granules indicated by an arrow in 4H). When

a single image was obtained from this region, we could clearly

observe the accumulation of MtRBP1 in cytoplasmic granules

(see the arrow in Figure 4H). The image in Figure 4G corresponds

to a snapshot from different sections from the same region,

explaining the appearance of the cytoplasm as a continuous line

(likely because of the superposition of granule patterns). In the

enod40-expressing cells from the differentiating region of the

nodule, MtRBP1 was specifically localized in the cytoplasm. In

the other nodule regions, MtRBP1 remained exclusively nuclear.

The RRM Domain and the N-Terminal Part of MtRBP1 Are

Both Required for Exclusive Nuclear Localization

To analyze the different domains of MtRBP1 responsible for its

subcellular localization, we continued our studies in A. cepa

epidermal cells. The MtRBP1-DsRed2 construct was introduced

into these cells by biolistics, and 24 h later, the fusion protein

could be exclusively observed in nuclear speckles (Figures 5A

and 5B) in a similar pattern to that observed in M. truncatula

roots. No accumulation of the protein could be detected in the

cytoplasm of these cells. The DsRed2 control was detected in

both the nucleus and the cytoplasm in a diffuse localization

(Figure 5A, control). To characterize which part of the protein was

responsible for the localization to nuclear speckles, two different

constructs containing the N- and C-terminal parts, respectively,

of the protein fused to DsRed2 were analyzed (Figures 5B to 5D).

The fusion protein containing the N-terminal region carrying

the NLS of MtRBP1 (deletion of the RRM domain and the Ser/

Arg-rich region) exhibited a diffuse pattern in both nucleus

and cytoplasm (cf. Figures 5B and 5C) similar to the DsRed2

protein alone. Fusion proteins containing the RRM domain of

MtRBP1 and DsRed2 localized to nuclear and cytoplasmic

particles (Figure 5D). These results show that both the C and N

termini of MtRBP1 carrying an NLS and a RRM motif, respec-

tively, are required for an exclusive nuclear localization. The RRM

domain was sufficient to localize RBP1 in cytoplasmic and

nuclear particles, in contrast with the N-terminal fusion that re-

mained diffused. Nevertheless, MtRBP1 was never detected

in the cytoplasm in at least 10 different independent experi-

ments.

The Presence of enod40 in A. cepa Cells Induces the

Accumulation of MtRBP1 in Cytoplasmic Granules

The immunolocalization experiments showed that the MtRBP1

protein was localized in the cytoplasm in those nodule cells

that accumulated enod40; however, in the rest of the cells, it

remained exclusively nuclear. To investigate whether this

relocalization is a direct action of the enod40 RNA independently

of other nodule proteins, we used a heterologous system

(epidermal cells of A. cepa), where MtRBP1 showed a similar

localization to that observed in root cells. We cobombarded two

Figure 2. Sequence Analysis of the MtRBP1 Protein.

Alignment of the most related sequences to MtRBP1 from A. thaliana and G. max and their consensus sequence. The C-terminal RRM domain is

underlined, the NLS is underlined twice, and the 11–amino acid domain conserved in the N-terminal region of the three proteins is boxed.
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different plasmids simultaneously, one containing the fusion

protein MtRBP1-DsRed2 as before and another one containing

a tandem construction carrying 35S-enod40 and 35S-GFP

(green fluorescent protein) transgenes. As negative control,

cobombardment of the MtRBP1-DsRed2 fusion with a plasmid

containing only a 35S-GFP was analyzed. Both plasmids were

present in all transformed cells, indicating a 100% efficiency of

cobombardment. As shown in Figure 6, coexpression of GFP (as

marker of the enod40 plasmid) and the MtRBP1-DsRED2 protein

in the same cell showed nuclear and cytoplasmic red fluores-

cence in �50% of the cells. MtRBP1 was exclusively nuclear in

the absence of the enod40 transgene, either when cobombarded

with the GFP control (Figure 6B; representative result from five

independent experiments) or alone (Figures 5A and 5B). These

results indicate that coexpression of the enod40 RNA seems

sufficient to induce MtRBP1 accumulation in the cytoplasm. Two

mutant enod40 transcripts, in which the ATG in sORFI or sORFII

(spanning Boxes I and II, respectively) has been replaced by an

ACG, were obtained by site-directed mutagenesis from the

plasmid 35S-enod40:35S-GFP. When each of these transcripts

was cointroduced with MtRBP1-DsRed2 in A. cepa cells, red

fluorescence could be observed in the cytoplasm of cobom-

barded cells at a similar frequency as before. No difference could

be observed between these transcripts and the wild-type

enod40 transcript concerning their ability to relocalize MtRBP1

(data not shown). The fact that ATG mutants that disrupt the

translation of the enod40-encoded peptides were still able to

induce the cytoplasmic localization of MtRBP1 strongly suggests

that the enod40 RNA itself is responsible for this activity.

The enod40 RNA Accumulates in Nuclear and

Cytoplasmic Particles in Living Plant Cells

The next question to address was whether the enod40 RNA is

directly associated to MtRBP1 in the cytoplasm. To answer this

question, we developed an in vivo approach allowing us to

visualize the RNA in living cells. An elegant method based on the

use of the GFP as a reporter has been successfully used to follow

specific mRNAs in living yeast cells (Bertrand et al., 1998) and in

cultured rat hippocampal neurons (Rook et al., 2000). The DNA

sequence of the RNA to be traced was fused to a sequence

encoding various copies of the MS2-RNA, and in parallel, the

MS2-coat protein is fused to the GFP. By cointroducing both

constructs into a living cell, the RNA of interest could be detected

through the binding of the MS2coat-GFP protein to the MS2-

RNA tags. Interaction between an MS2coat-GFP fusion protein

and an enod40RNA construct tagged with two MS2 RNA binding

sites allowed us to localize the enod40 transcript in living plant

cells. Both constructs were introduced into A. cepa epidermal

cells (as mentioned before, 100% efficiency of cobombardment

was observed in our conditions). Confocal microscopy revealed

that GFP fluorescence accumulated in bright cytoplasmic and

nuclear granules in �60% of cells harboring both constructs

(Figures 7A to 7C), whereas the MS2coat-GFP fusion alone

exhibited a diffuse pattern in both compartments (Figures 7D to

7F). Similar patterns of GFP fluorescence were observed for two

other RNAs (data not shown): Mtapk1, which encodes a protein

kinase (1700 bp; Chinchilla et al., 2003), and del-Mtapk1, which is

a deleted version of Mtapk1 of the same size as enod40 (600 bp).

Hence, the observed distribution of MS2-GFP was dependent on

the presence of an RNA, validating this methodology for plant

cells. No specific localization could be observed for the enod40

RNA as compared with the other RNAs used in our experiments.

The enod40 RNA Colocalize with MtRBP1 into

Cytoplasmic Granules

To monitor the association between MtRBP1 and the enod40

RNA in vivo, we introduced three plasmids carrying the MtRBP1-

DsRed2, MS2-enod40 RNA, and MS2coat-GFP constructs into

the same cell. Triple-transformed cells showing red and green

fluorescence, the latter exhibiting a pattern typical for RNA (as

seen in Figure 7A), were further analyzed. Interestingly, in the

presence of the MS2-enod40 RNA (green fluorescence), the

MtRBP1 fusion protein (red fluorescence) was detected in bright

cytoplasmic granules (see detail presented in Figure 8A) as well

as in nuclear speckles in �50% of the cells. Other RNAs tested

(Mtapk1 is presented as an example in Figure 8B) did not induce

any change in the nuclear localization of MtRBP1-DsRed2,

although nuclear and cytoplasmic green granules could be

detected (indicating the presence of the hybrid RNA molecules

in the cells). In addition, a diffuse pattern was observed for

MS2coat-GFP, in the absence of hybrid RNA, both in cytoplasm

Figure 3. Expression Patterns of MtRBP1 Transcripts.

(A) RNA gel blot analysis of RNA prepared from stems (St), mature leaves

(L), young leaves (YL), roots (R), and nodules (N). Probes are indicated at

the right, and Mtc27 was used as RNA-loading control.

(B) Semiquantitative RT-PCR analysis from roots (R) and nodules at 7,

13, 20, and 29 d after R. meliloti infection. The ethidium bromide–stained

gel is shown. Specific primers for MtRBP1 and Mtenod40 were used,

and amplification of Mtc27 was used as a constitutive control.

Relocalization of MtRBP1 by enod40 RNA 1051



Figure 4. MtRBP1 Localization in M. truncatula Roots and Nodules.

(A) Confocal image of a root, showing accumulation of red fluorescence in the nucleus of all cells. The laser intensity was increased to visualize root

shape. Scale bar ¼ 40 mm.

(B) Detail of root cells showing accumulation of MtRBP1-DsRed2 in nuclear speckles.

(C) Less or no red fluorescence was observed in the nuclei of nodule primordium cells. Some bright granules could be observed outside the nucleus

(indicated by an arrow). Nuclei were stained with DAPI in (B) and (C). The three images correspond to the same nodulated root. Scale bars in (B) and

(C) ¼ 8 mm.

(D) Protein gel blot analysis revealed that anti-MtRBP1 antibodies recognized a band of 35 kD on protein extracts from roots (R) and nodules (N).

(E) enod40 in situ hybridization in a mature nodule longitudinal section; the different nodule regions are indicated: I, meristem; II, invasion zone

(differentiating cells); and III, nitrogen-fixing zone or symbiotic zone. Yellow color indicates the accumulation of enod40 transcripts. The region where

enod40 transcripts accumulate is shown in white.
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and nucleus, as expected, and no MtRBP1 could be detected in

the cytoplasm of these cells (Figure 8C).

The spectral profiles of the GFP and DsRed2 fluorochromes

were analyzed in the cytoplasm of five cells containing both

MtRBP1 and enod40, which indicated that the enod40 RNA and

MtRBP1 protein colocalized in the cytoplasmic granules (as

shown for one cell in Figure 8D). In some cells, we could follow

the movement of both the enod40 RNA and MtRBP1 from the

nucleus into the cytoplasm, suggesting that enod40 interacts

with MtRBP1 in the nucleus and is associated with this protein at

all stages of transit. Furthermore, when the protein was detected

in the cytoplasm, it was always associated with the RNA (Figure

8D; data not shown), whereas the RNA molecules were not

always associated with the protein (arrow in Figure 8D). This

indicated that, to accumulate into the cytoplasm, MtRBP1 needs

to be associated to the enod40 RNA.

DISCUSSION

In this work, we described a new function for the enod40 RNA

during nodule development. First, a novel RBP, MtRBP1, has

been identified to interact with enod40. Then it was shown that in

mature nodules, the localization of MtRBP1 was cytoplasmic in

those cells expressing the enod40 gene at high levels, whereas it

was found in the nucleus in the rest of the cells. Evidence for the

direct implication of the enod40 RNA in this relocalization results

from the utilization of a heterologous system, where MtRBP1 was

exclusively localized in the nucleus. When enod40 was coex-

pressed in these cells, and only in that case, the protein could be

detected in the cytoplasm. The enod40-encoded peptides do

not seem to be involved in this activity because mutant enod40

genes where the ATG was replaced by an ACG were still able to

induce the cytoplasmic localization of MtRBP1. Finally, a direct

association between the RNA and the protein was demonstrated

using a methodology specially aimed at following both molecules

in living cells. Hence, the RNA itself but not the encoded peptides

seems to be responsible for this activity.

Using the yeast three-hybrid system, an RBP, MtRBP1, has

been identified to interact with the enod40 RNA. Despite the high

levels of conservation for the stem and loop structure predicted

between the two conserved boxes (Sousa et al., 2001; Figure

1C), this region does not seem responsible for the interaction

with MtRBP1. When we started our study, this was the only

predicted stem-loop in the enod40 transcript. Recently, other

highly structured stem-loops through the enod40 RNA molecule

have been identified (Girard et al., 2003). It would be of great

interest to analyze which of them is responsible for the interaction

with MtRBP1. RNA pull down experiments allowed us to confirm

the interaction of this protein with enod40 RNA but not with this

predicted stem-loop (Figure 1B). It has been shown that both 59

and 39 regions, containing the conserved Box I and Box II, are

able to elicit cell-specific growth responses in the M. sativa root

cortex (Sousa et al., 2001). Both regions (corresponding to

constructs D5 and D7 in Figures 1C and 1D) also are able to

Figure 5. Subcellular Localization of MtRBP1-DsRed2 Fusion Protein in

A. cepa Cells.

(A) Localization pattern observed for MtRBP1-DsRed2 fusion protein.

Left panel, Nomarski image; middle panel, red fluorescence. Compare

with the pattern observed for the DsRed2 control, diffused both in the

nucleus and in the cytoplasm. Scale bars ¼ 40 mm.

(B) to (D) Localizations observed for the different MtRBP1 deletions

fused to the DsRed2. Scale bars ¼ 40 mm in left panels and 20 mm in right

panels.

(B) Entire MtRBP1 protein; the shape of the cell is outlined by a dashed

line. Nuclear speckles are indicated by an arrow in the right panel.

(C) Fusion protein containing the N-terminal region carrying the NLS of

MtRBP1.

(D) Fusion protein containing the RRM domain and the Ser/Gly-rich

region of MtRBP1. Images corresponding to the entire cell (left panels)

and to a magnification of the nucleus (right panels) are presented in (B),

(C), and (D).

Figure 4. (continued).

(F) to (H) Immunological studies in mature nodules: anti-tubulin (green channel) (Tub), anti-MtRBP1 (red channel), DAPI staining (blue channel), and the

merged image are presented.

(F) General view of a mature nodule; the regions II and III are indicated. Scale bars ¼ 40 mm.

(G) Higher magnification allowing a better comparison for the different subcellular localization of MtRBP1 in the cells from regions II and III; the

separation between regions II and III is indicated with a line. Scale bars ¼ 20 mm.

(H) Details from region II cells. Single scan image of a cell in region II; MtRBP1 can be detected in cytoplasmic granules (arrow). Scale bars ¼ 10 mm.
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interact with MtRBP1. By contrast, a deletion of the inter-ORF

region, which was shown to reduce the biological activity of the

enod40 gene (Sousa et al., 2001) does not seem to affect the

binding of the RNA to the MtRBP1 protein (DRNA in Figures 1C

and 1D). Nevertheless, it is difficult to predict how a deletion in

a gene will disrupt the RNA structure. At present, we cannot

correlate biological activity with specific stem-loops of the

enod40 RNA.

Many different RNA binding motifs have been identified, and

one of the most widely spread is the RRM or RNP motif (Burd and

Dreyfuss, 1994). A computer search in the Arabidopsis genome

revealed 196 different RRM-containing proteins, suggesting

a higher complexity of this family of proteins in plants than in

metazoa (Lorkovic and Barta, 2002). Several proteins contain-

ing similar RRM domains and of similar size to MtRBP1 have

been identified in the plant kingdom, and two of them, from

Arabidopsis and G. max, share with MtRBP1 a potential NLS in

the N terminus and a common 11–amino acid region of unknown

function. It would be interesting to investigate whether these

proteins change their localization during specific developmental

stages through interaction with enod40 or other sORF-mRNAs

(no enod40 homolog has been found in Arabidopsis).

In situ hybridization studies in mature nodules have revealed

that enod40 RNA is accumulated at very high levels in the

differentiating cells from region II (Crespi et al., 1994). Once the

cells are invaded by Rhizobium meliloti, they enlarge and

differentiate into cells of the symbiosis zone (zone III) where

transcripts for enod40 are no longer detected (Crespi et al.,

1994). In our immunolocalization experiments, we observed

a different subcellular localization for MtRBP1 in these two

different nodule regions. Interestingly, in the cells expressing

enod40, the protein appears to be localized in the cytoplasm,

whereas it is restricted to the nucleus in the rest of the cells. The

clear correlation that can be established between the expression

of enod40 and the cytoplasmic localization of MtRBP1 in the

different nodule regions suggests that enod40 affects MtRBP1

Figure 6. MtRBP1 Accumulates in the Cytoplasm in the Presence of the

enod40 RNA.

(A) Cobombardment of 35S-MtRBP1-DsRed2 and 35S-enod40:35S-

GFP.

(B) Cobombardment of 35S-MtRBP1-DsRed2 and 35S-GFP.

N, nucleus; C, cytoplasm. Scale bars ¼ 20 mm.

Figure 7. Localization of enod40 RNA in A. cepa Cells.

(A) to (C) Cells bombarded with the MS2-enod40 hybrid RNA and the MS2coat-GFP protein showed green fluorescence accumulating in cytoplasmic

(detail in [B]) and nuclear (C) fluorescent granules.

(D) to (F) Introduction of the MS2coat-GFP fusion alone into the cells resulted in a diffuse GFP pattern both in the cytoplasm (E) and the nucleus (F).

N, nucleus; C, cytoplasm. Scale bars ¼ 20 mm in top panels and 5 mm in bottom panels.
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localization during nodule development, changing its localization

from the nucleus to the cytoplasm. The fact that MtRBP1 and

enod40 are not exclusively expressed during nodulation sug-

gests that the cytoplasmic localization of MtRBP1 also occurs

in other cells from the plant. It will be very interesting to investi-

gate the localization of MtRBP1 in the cytoplasm of other cells

expressing enod40 as well as the localization in different tissues

or developmental stages of the MtRBP1-related proteins

identified in G. max and Arabidopsis. In the different root tissues

(pericycle, endodermis, cortex, and epidermis), MtRBP1 was

exclusively detected in the nuclei of M. truncatula cells. The

fact that we can reproduce MtRBP1 relocalization in the

Figure 8. Cytoplasmic Localization of MtRBP1 in the Presence of the enod40 RNA.

(A) to (C) Cobombardments with MS2coat-GFP, MtRBP1-DsRed2, and the following MS2-RNA constructs: MS2-enod40 RNA (600 nucleotides) (A),

MS2-Mtapk1 RNA (1700 nucleotides) (B), and no hybrid RNA (C). Cells were observed for GFP and DsRed2 fluorescence, which label hybrid MS2-RNA

molecules and the MtRBP1 protein, respectively. Note that red fluorescence can be detected in cytoplasmic granules only in the presence of enod40

(top right panel). N, nucleus; C, cytoplasm. Scale bars are indicated.

(D) Cobombardment of MtRBP1-DsRed2, MS2coat-GFP, and MS2-enod40 RNA. Detail of a merged image of the cytoplasm with the corresponding

spectral fluorescence profile (obtained along the indicated white line in the image), showing colocalization between the enod40 RNA (green) and the

MtRBP1 protein (red). The arrow indicates the presence of enod40 RNA (green) not associated to MtRBP1 (red) in the cytoplasm. Note that all granules

are green or yellow but never red (MtRBP1 alone was not detected in the cytoplasm).
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heterologous system by overexpressing at the same time

MtRBP1 and enod40 suggests that there are no other specific

proteins or RNAs required for that activity. However, it is likely

that other proteins participate in this relocalization process in the

nodule and/or interact with the complex, perhaps increasing the

efficiency of MtRBP1 accumulation in the cytoplasm.

A similar regulation has been described for the SR proteins

during the Ascaris lumbricoides embryogenesis. As develop-

ment proceeds, the nuclear amounts of SR proteins increase

while the protein levels in the cytoplasm decreases (Sanford and

Bruzik, 2001). In plants, the subcellular localization of RBPs also

can be modulated by external environmental conditions, as the

subnuclear reorganization of AKIP1 (a nuclear RBP) in response

to the plant hormone abscisic acid (Li et al., 2002). Nucleocy-

toplasmic macromolecular transport complexes, containing

mRNAs and proteins, have been described in many biological

systems (Arn and Macdonald, 1998). Several proteins and/or

RNAs are probably involved in the formation of the MtRBP1-

containing ribonucleoparticles that we could observe as cyto-

plasmic granules in immunolocalization and the transient

expression experiments. Many RBPs turn out to have multiple

regulatory functions in different cellular compartments, providing

links between different aspects of RNA metabolism in the

nucleus and the cytoplasm (Dreyfuss et al., 2002).

MtRBP1 was detected in a speckled localization pattern in M.

truncatula roots and in A. cepa cells. Several RBPs localize to

nuclear speckles (e.g., SR proteins; Cáceres et al., 1998). These

intrachromatin granule clusters have been implicated in tran-

scription and mRNA processing, and their distribution, size, and

abundance depend on cellular transcriptional activity. MtRBP1

seems to be very efficiently transported into the nucleus after

translation, and not only the NLS seems to be responsible for that

because a truncated version of the protein containing the NLS

also is detected in the cytoplasm. The RRM domain alone has the

ability to direct the protein to nuclear speckles as well as to

cytoplasmic granules. These observations reinforce the idea that

protein localization to nuclear speckles does not rely on a simple

targeting motif but is more complex and probably involves

phosphorylation and protein–protein interactions as shown for

other RBPs (Cáceres et al., 1998).

The heterologous A. cepa cell system allowed us to demon-

strate that the MtRBP1 subcellular localization that we observe

during nodule development was a direct effect of the enod40

RNA. Most of the proteins whose activities are regulated by

transport into different subcellular compartments are in fact

continuously shuttling between nucleus and cytoplasm (Shyu

and Wilkinson, 2000; Gama-Carvalho and Carmo-Fonseca,

2001). Shuttling proteins typically have both an NLS and a nuclear

export signal. The fact that only an NLS sequence (and no

nuclear export signal) has been identified in the MtRBP1

sequence and that we have never detected MtRBP1 in the

cytoplasm unless associated to the enod40 RNA allows us to

propose that MtRBP1 is not a shuttling protein but requires

binding to enod40 RNA to accumulate in the cytoplasm.

Highly sensitive methods have been developed recently for

detecting RNA movement and localization in living cells. These

approaches include microinjection of fluorescent RNA, in vivo

hybridization of fluorescent oligonucleotides, and expression of

fluorescent RBPs (Dirks et al., 2001; Pederson, 2001). Indirect

labeling of mRNAs with GFP has been successfully applied in

yeast cells and rat neurons (Bertrand et al., 1998; Rook et al.,

2000). This methodology allowed us to follow the accumulation

of different RNAs in plant cells, and a particulate localization was

observed in both the nucleus and the cytoplasm for all RNAs

tested. Although nuclear speckles have been primarily impli-

cated in splicing (Melcak et al., 2001), these intranuclear sites

also have been associated with the transcription of abundantly

expressed genes (Zeng et al., 1997). All the RNAs studied were

strongly expressed, which could explain their localization in

nuclear speckles even if they are not spliced.

In the immunolocalization experiments, we have seen that

MtRBP1 was localized in the cytoplasm exclusively in the nodule

cells expressing enod40. Using the indirect labeling of RNAs with

MS2 tags, we determined that both enod40 and MtRBP1

colocalized in the same cytoplasmic granules. Because we have

never detected the protein alone in these particles, MtRBP1

seems to require the association with the enod40 RNA to

accumulate in cytoplasmic granules. Another sORF-mRNA

implicated in nucleocytoplasmic transport has been found in

yeast. The meiRNA promotes meiosis I by facilitating the nuclear

localization of the RBP Mei2 (Yamashita et al., 1998; Sato et al.,

2001). This methodology used to monitor RNA–protein inter-

actions in a living cell can be applied to other biological pro-

cesses involving similar macromolecular interactions.

Our results suggest that a sORF-mRNA, enod40, mediates

the cytoplasmic relocalization of a nuclear RBP, MtRBP1. We

speculate that modification of the subcellular localization of

RBPs may represent a novel RNA function in the cell.

METHODS

Plant Material and Bacterial Strains

Seeds of M. truncatula cultivar R108 were sterilized for 30 min (7 g/L

Bayrochlor; BAYROL, Planegg, Germany) and rinsed four times in sterile

water. Plants were grown under a 16-h photoperiod and 258C and 158C

for day and night, respectively, and inoculated withSinorhizobiummeliloti

Rm41 as described (Crespi et al., 1994).

E. coli DH5a (supE44, hsdR17, recA1, endA1, gyrA96, thi-1, and relA1)

was used for subcloning. E. coli strain BL21 [F-, ompT, hsdSB (rB-, mB-),

dcm, gal, l(DE3), pLysS, and Cmr] was used for the production of GST-

MtRBP1. The yeast strain L40-coat [MATa, ura3-52, leu2-3, 112,

his3D200, trp1D1, ade2, LYS2::(LexA op)4-HIS3, ura3::(LexA op)8-lacZ,

and LexA-MS2 coat (TRP1)], auxotrophic for uracil, Leu, adenine, and His,

was used for the three-hybrid screenings (Sengupta et al., 1996).

Three-Hybrid Screening

The components for the three-hybrid system were kindly provided by M.

Wickens, and HIS3 and lacZ served as reporter genes (Sengupta et al.,

1996). The full-length Mtenod40 cDNA and a region (nucleotides 142 to

215) spanning one of the predicted RNA stem-loops (Sousa et al., 2001)

were introduced into the unique SmaI site of the vector pIII/MS2-1,

containing URA3. These constructs, pIII/MS2-enod40 and pIII/MS2-

stem, were transformed into the yeast strain L40-coat (Sengupta et al.,

1996). The yeast strains were then transformed with aM. truncatula cDNA

library (Gyorgyey et al., 2000), and transformants were selected on
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media lacking Leu and His and containing 5 mM 3-aminotriazole. To elimi-

nate false positives growing independently of RNA, transformants were

not selected for the maintenance of the RNA plasmid. As expected, false

positives that did not require the RNA to activate HIS3 lost the

RNA plasmid and the ability to grow in a medium without uracil. In fact,

35 out of 73 transformants grew independently of the RNA. To further

refine the screening, the remaining 28 colonies were treated with

5-fluoroorotic acid to cure the RNA plasmid. Sixteen more clones were

discarded (able to grow without His even in the absence of RNA). Seven of

the twelve cDNA clones meeting all selection criteria corresponded to

MtRBP1. Two subsequent screens performed in a similar way (but

without the 5-fluoroorotic acid treatment) also yield MtRBP1 repeatedly.

Plasmid Construction

For in vitro transcription, constructions were done in the plasmid

pBluescript pSK1.Mtenod40 full-length cDNA was cloned into theEcoRI/

XhoI sites, and Mtenod40-D5 (nucleotides 204 to 614), Mtenod40-D7

(nucleotides 31 to 200), andMtenod40-D11 (nucleotides 110 to 330) were

amplified by PCR from the pSK-Mtenod40 (as previously described in

Sousa et al., 2001); in Mtenod40-DRNA, nucleotides 221 to 311 were

deleted from the pSK-Mtenod40.

For the translational fusions of MtRBP1 to DsRed2, the pPk100 plasmid

(gift of Patrick Gallois, University of Manchester, UK), containing the GFP

under the control of a double 35S promoter, was used. The DsRed2

(CLONTECH, Palo Alto, CA) was cloned in the NcoI/NotI sites, replacing

the GFP. The NcoI in the DsRed2 sequence was previously eliminated by

site directed mutagenesis using the oligonucleotides 59-GCAGAAGAA-

GACGATGGGCTGGGAGGCCTCC-39 and 59-GGAGGCCTCCCAGCC-

CATCGTCTTCTTCTGC-39. MtRBP1 was amplified by PCR using the

oligonucleotides 59-CCGGAATTCGATGGCAGATGGCTACTGG-39 and

59-AGGCCATGGTTCTTGGACCACCTCCACTTC-39, containing restric-

tion sites for EcoRI and NcoI, respectively. Cloning into the EcoRI/NcoI

sites of the vector resulted in an N-terminal fusion to DsRed2. For the

deleted versions of MtRBP1, the N-terminal part of the protein was

amplified using the oligonucleotides 59-CCGGAATTCGATGGCAGA-

TGGCTACTGG-39 and 59-GGCCCATGGCAGGTCCATGCCTGGAA-

AC-39, containing EcoRI and NcoI restriction sites, respectively, and

cloned into the EcoRI/NcoI sites of the new DsRed2-replaced vector. The

C-terminal part of MtRBP1 containing the RRM domain and the

Arg/Ser-rich domain was amplified using the oligonucleotides

59-CCGGAATTCATGCCAACTCTATATATTGAAGG-39 (an ATG was in-

cluded to allow the initiation of translation) and 59-AGGCCATGGTTCTTG-

GACCACCTCCACTTC-39 (containing the EcoRI/NcoI restriction sites for

cloning as before). The construct MtRBP1-DsRed2 was cloned into the

binary vector pCP60 (Charon et al., 1999) for the generation of transgenic

roots.

For the RNA pull down experiments, MtRBP1 was fused to the GST by

PCR amplification using the oligonucleotides 59-CCGGAATTCGATGG-

CAGATGGCTACTGG-39 and 59-TAGTCTAGACTACTTCTTGGACCAC-

CTCCACTTC-39, containing the EcoRI and XbaI sites, respectively, and

cloned into the EcoRI/XbaI sites of the pGex-2T plasmid.

The construction 35S-enod40:35S-GFP was obtained as follows.

Enod40 was first cloned into the BamHI site of the pDH51 plasmid

(Sousa et al., 2001) that contains a 35S promoter. The fragment

containing the 35S promoter and the enod40 sequence was transferred

into the EcoRI site of the pBIN35S-mGFP4 plasmid (Haseloff and Amos,

1995). Two enod40 mutant transcripts were obtained by site directed

mutagenesis, in which the ATG spanning Box I and Box II were replaced

by an ACG, disrupting the translation of the encoded peptides.

Constructions for in vivo localization of RNA were done as follows: the

fusion MS2-enod40 was amplified by PCR from the vector pIII/MS2-

enod40, using the oligonucleotides 59-CGGGATCCCAAAACATGAG-

GATCACCC-39 and 59-CCGCTCGAGCAGAAACTGAAACAAGAAC-39,

containing the restriction sites BamHI and XhoI, respectively, and

cloned into the BamHI/SalI sites of the pDH51 vector (Sousa et al.,

2001) under the control of the 35S promoter of Cauliflower mosaic virus.

The full-length RNA (1700 nucleotides) coding for the protein kinase

Mtapk1 (Chinchilla et al., 2003) was amplified by PCR using the

oligonucleotides 59-TCCCCCGGGGAACATGAGGATCACCCATGTCTG-

CAGGTCGACTCTAGAAAACATGAGGATCACCCATGTCTGGCACGAG-

ATTCCCATGCCTCG-39 (containing two copies of the MS2 sequence)

and 59-ACGCATGCATGAACGGCGTTGGAGCTGTGGG-39 (containing

SmaI and SphI sites, respectively, to clone into the SmaI/SphI sites of

the pDH51 plasmid). The oligonucleotide containing two copies of the

MS2 sequence was used for the amplification of a fragment of 600

nucleotides of the Mtapk1 RNA, in combination with the oligonucleotide

59-ACGCATGCATCAGGAACTTCACGAGGATTGC-39, and cloned into

pDH51 following the same strategy. The MS2-coat sequence was

amplified by PCR from the yeast strain L40-coat (Sengupta et al., 1996)

using the oligonucleotides 59-CTCTAGAGAATGGCTTCTAACTTTACT-

CAG-39 and 59-CGGGATCCAGTAGATGCCGGAGTTTGC-39, containing

the restriction sites XbaI and BamHI, respectively, and cloned as

a translational fusion to mGFP4 in pBIN 35S-mGFP4 (Haseloff and

Amos, 1995).

RNA Gel Blot Analysis

Total RNA (10 mg) from several tissues was subjected to RNA gel blot

analysis by hybridization with 32P-labeled probes corresponding to full-

length MtRBP1 or Mtenod40 as previously described (Sousa et al., 2001).

The gene Mtc27 expressing constitutively in several M. truncatula tissues

was used as a loading control (Crespi et al., 1994).

RT-PCR

Total RNA was prepared from roots and nodules at different de-

velopmental stages and used for reverse transcription using SuperScript

II (Invitrogen, Carlsbad, CA) after removing contaminating DNA by DNase

treatment (RNase-free DNase from Promega, Madison, WI), as recom-

mended by the manufacturer. Mtc27 was used as a constitutive control

(Crespi et al., 1994). PCR was performed using gene-specific primers

for enod40 forward (59-TGGCAAACCGGCAAGTCAC-39) and reverse

(59-CAGAAACTGAAACAAGAAC-39), for MtRBP1 forward (59-ATG-

GCAGATGGCTACTGG-39) and reverse (59-CAGGTCCATGCCTGGA-

AAC-39), and for Mtc27 forward (59-GGGAGGTTGAGGGAAAGTGG-39)

and reverse (59-CCAAATCATAGTCTCAACTCTCG-39) used as RNA-

loading control. The amplification was as follows: one cycle of 2 min at

948C, 25 cycles of 30 s at 948C, 30 s at 608C, and 1 min at 728C. The PCR

products were analyzed on 1% agarose gels.

GST-MtRBP1 Expression and Purification

The GST-MtRBP1 construct was transformed into E. coli strain BL21. A

single colony was inoculated into 10 mL of Luria-Broth–ampicillin (100mg/

mL), and the culture was grown overnight at 378C and used to inoculate

200 mL of Luria-Broth–ampicillin. The culture was grown to an OD600 of

0.6 to 0.7. Cultures were induced with 1 mM isopropyl-b-D-thiogalacto-

pyranoside and incubated at 378C for an additional 4 h. Cells were

harvested by centrifugation and resuspended in 13 PBS containing

10mg/mL of chymostatin, 10mg/mL of leupeptin, 10mg/mL of antipapain,

and 10 mg/mL of pepstatin A. Extracts were ground with one volume of

alumina, and the soluble fraction recovered after centrifugation at 12,000

rpm for 15 min at 48C. GST-MtRBP1 was batch purified using Glutathione

Sepharose 4B according to the supplier’s (Amersham Pharmacia

Biotech, Uppsala, Sweden) recommendations.
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RNA Pull Down Assay

The enod40 cDNA was amplified by PCR from pSK-Mtenod40, using

the oligonucleotides T3 (59-ATTAACCCTCACTAAAGG-39) and Mar6

(59-CAGAAACTGAAACAAGAAC-39) at the 39 end of Mtenod40 (Crespi

et al., 1994). For the other RNAs, the oligonucleotides T3 and T7 were

used for PCR amplification. The PCR product was used for in vitro

transcription in the presence of biotinylated-UTP. The biotinylated RNAs

were bound to streptavidin-magnetic beads (mMACS Streptavidin kit;

Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated with in

vitro–translated MtRBP1, or with the fusion protein GST-MtRBP1, for 1 h

at 48C in a buffer containing 10 mM Hepes, pH 7.0, 50 mM KCl, 10%

glycerol, 1 mM EDTA, 1 mM DTT, 0.5% Triton X-100, and 0.15 mg/mL of

yeast t-RNA and RNase inhibitor. After washing according to the

manufacturer’s instructions, bound proteins were eluted in Laemmli

buffer and resolved by SDS-PAGE, dried, and autoradiographed.

M. truncatula Root Transformation

The binary vector pCP60 (Charon et al., 1999) containing the construct

MtRBP1-DsRed2 was introduced into A. rhizogenes by electroporation.

This A. rhizogenes strain was used to transform M. truncatula Jemalong

seedlings to obtain transgenic roots that were nodulated, essentially as

described (Boisson-Dernier et al., 2001).

Antibodies and Immunostaining

Antibodies against MtRBP1 were produced by Eurogentec (Seraing,

Belgium) with the Double XP program. Two predicted immunogenic

peptides of MtRBP1 were synthesized and coupled to the carrier protein

KLH (SGLHKRPRPDYEMPAS [P1] and LSREEDRSGHPMV [P2]). Two

rabbits were immunized with a mix of the two coupled peptides, and

serums were affinity purified separately against each peptide. Affinity-

purified antibodies against P2 yield no signals in protein gel blot analysis.

Antibodies purified against P1 gave a specific band of the expected size

(dilution 1:1000) and were used in all subsequent experiments. For the

immunolocalization studies, nodules were mounted on 6% agarose, and

slices of �100 mm were obtained using the Vibratome MICRO-CUT

H1200 (Bio-Rad Microsciences, Paris, France). Nonspecific binding sites

were blocked with 5% BSA in MPBS (13PBS, 10 mM MgSO4, and 10 mM

EGTA, pH 6.8) for 1 h at root temperature, and the slices were then

incubated overnight at 48C in the presence of anti-MtRBP1 and anti-

tubulin (mouse-monoclonal antibodies from Sigma, St. Louis, MO)

antibodies at a 1:1000 dilution. The slices were washed four times during

10 min in MPBS and incubated in the secondary antibodies anti-mouse

Alexa Fluor 488 and anti-rabbit Alexa Fluor 568 at a 1:1000 dilution for 1 h

at room temperature. Four more washes of 10 min were done in MPBS,

followed by DAPI staining that allows the visualization of the nucleus

(10 min in 10mg/mL of DAPI, followed by 10 min washing in MPBS). Stain-

ing was imaged in a Leica DM RxA2 confocal microscope (Wetzlar,

Germany).

In Situ Hybridization

In situ hybridizations for enod40 were performed as previously described

(Crespi et al., 1994). The images were obtained by superposition of tis-

sue autofluorescence (in red) and the epireflectance of silver grains

(polarization analyzer, in yellow).

Biolistics, Confocal Microscopy, and Image Processing

Biolistic introduction of plasmid DNA into plant cells was done using the

PDS-1000/He System (Bio-Rad). For each experiment, bombardments

were done at least five times, and an average of 200 transformed cells

were obtained per bombardment. Cells were observed 24 h later with

a Leica DM RxA2 confocal microscope. Equimolar quantities of plasmids

were used in all cases except for the pair MS2coat-GFP/MS2-RNA,

where a 1:3 ratio was used to decrease background because of

nonbound GFP. Leica confocal software was used for image acquisition

and quantification of fluorescence profiles. Sequential scans were done

when necessary. Spectral profiles were calculated in five cells, and at

least 10 regions were analyzed for each cell. Data processing was done

with Adobe Photoshop (Mountain View, CA) and Microsoft Excel.

The MtRBP1 sequence has been submitted to the EMBL Nucleotide

Sequence Database under accession number AJ508392.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession number AJ508392.
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